The spatial dependence of the timing performance of the R3809U-50 Micro-Channel-Plate PMT (MCP-PMT) by Hamamatsu was studied in high energy muon beams. Particle position information is provided by a GEM tracker telescope, while timing is measured relative to a second MCP-PMT, identical in construction. In the inner part of the circular active area (radius r<5.5 mm) the time resolution of the two MCP-PMTs combined is better than 10 ps. The signal amplitude decreases in the outer region due to less light reaching the photocathode, resulting in a worse time resolution. The observed radial dependence is in quantitative agreement with a dedicated simulation. With this characterization, the suitability of MCP-PMTs as t 0 reference detectors has been validated.
Introduction
Reliable reference detectors with high time resolution are needed in the characterization of new detector technologies aiming at performing ultra precise time measurements. An example is the PICOSEC-Micromegas [1, 2] concept, a newly introduced Micropattern Gaseous Detector for fast timing applications. The time resolution of several detector prototypes has been studied in great detail using minimum ionizing particle (MIP) beams at the CERN SPS secondary beam lines. During these campaigns, the particle timing has been measured relative to two Hamamatsu R3809U-50 Micro-Channel-Plate Photomultiplier Tubes (MCP-PMT) [3] .
Particles enter the MCP-PMT, traverse a radiator and generate Cherenkov light, which is then converted to charge in a multialkali photocathode between the radiator and multichannel plate. The radiator consists of a 3.2 mm thick synthetic silica window that is integrated in the MCP-PMT. Apart from the usable photocathode diameter of 11 mm, no other geometrical information about the photocathode and the window is given by the manufacturer.
These MCP-PMTs provide short signals with a rise time 6 of 160 ps. Signals of this kind are well suited as a time reference for fast-timing detector studies. As discussed in a recent review of state-of-the-art timing detectors [4] , the reference time resolution has to be significantly better than that expected for the detector under study. Measurements demonstrated the suitability of MCP-PMTs as a (t 0 ) timing reference for PICOSEC-Micromegas fast-timing detectors [5] . In this manuscript, we discuss further investigations, aiming at understanding the spatial dependence of the time resolution over the surface of the photocathode. The propagation of Cherenkov light including reflection and absorption has been modeled analytically and with a Monte-Carlo simulation. The observed radial depen- 6 10 % to 90 % amplitude dences of the mean signal charge and time resolution have been compared to the modeled fraction of Cherenkov light reaching the photocathode. In the following, the different models as well as the measurement set-up will be explained and the measured data will be compared to the results from the simulation.
Modeling of Cherenkov Light Propagation in the Radiator
When a particle passes through the MCP-PMT at a larger distance from the photocathode center, less light reaches the photocathode as the Cherenkov cone is not fully projected onto the photocathode. Figure 1 shows a sketch of the Cherenkov cones and the photocathode with the assumed dimensions of the detector. In our model, Cherenkov photons can be either converted to charge at the photocathode, or can be reflected or absorbed at the radiator boundaries. Part of the reflected light can later reach the photocathode and contribute to the detector signal. An analytic and a Monte-Carlo model have been developed to predict the amount of light reaching the photocathode. 
Analytic Geometric Modeling
A geometric calculation of the overlapping areas of photocathode and Cherenkov cone for particle impact points at different radii has been done, with and without considering reflection between the radiator and the photocathode. Figure 2 shows, with an example, the overlap between photocathode, Cherenkov cone and the region, where first-order reflected light from the Cherenkov cone would reach the photocathode plane. In this example, the perpendicularly incident particle is hitting the edge of the photocathode area (solid black line). The blue area shows the Cherenkov light directly reaching the photocathode and the red area shows the light from the first-order reflection reaching the photocathode. This light will have survived one reflexion on the photocathode and one on the opposit side of the crystal before reaching the photocathode. A part of the light can be transmitted and lost at each reflection. This loss is modelled by a weighting factor (w < 1) for calculating the red area.
The amount of light reaching the photocathode decreases with increasing particle impact radius with respect to the photocathode center, due to the decreasing geometrical overlap. With this geometric model the relative amount of photons reaching the photocathode depending on the radius (P rel (r)) is calculated by:
where A blue (r), the blue area, and A red (r), the red area, depending on the radius, and w is the weighting factor for the loss of the reflected light. This function is scaled to the mean signal charge and w is a free parameter in the fit to the data. 
Monte-Carlo Simulation of the Light Propagation
The former analytical geometrical calculation describes the radial behavior of the signal amplitude well for small and large radii but is lacking precision for medium radii. Therefore, a simulation of the light propagation and conversion to charge in the fused silica radiator crystal has been carried out to model the radial amplitude behavior; 25 · 10 6 photons have been randomly distributed over the radiator surface that carries the photocathode. Photons in the photocathode region can be either reflected or, if not reflected, they can be converted to charge or absorbed and thus lost. Outside the photocathode region, photons are lost after not being reflected. The same holds for photons on the opposite side of the radiator, i.e. at the air-radiator interface.
The results of this simulation give the x and y coordinates of the point where each photon is generated as well as where it leaves the crystal, either by transmission or absorption on the crystal surface. Another indicator is given for each photon if it has generated a charge in the photocathode, which means that the photon has not been reflected or absorbed and ends on the area of the photocathode.
The simulation is controlled by the three probabilities for reflection at the photocathode, absorbtion at the photocathode if not reflected, and reflection at the air-radiator interface. These parameters have been determined from a χ 2 minimization between simulation results and data.
Monte Carlo Modeling of the Radial Dependence of Time
Resolution The simulation of light propagation has been used as one possible model to quantitatively describe the radial dependence of the time resolution σ t on the produced charge. It is based on the relation:
where σ SPTR is the single photoelectron time resolution of the detector and N P.E. is the number of photoelectrons generated at the photocathode. This relation has been shown to be valid for MCP-PMTs, albeit without considering the spatial dependence [6] . We generalize this relation in the simulation by introducing, spatially resolved, absorption and reflection at the air-radiator interface and at the photocathode.
As the exact quantum efficiency of the photocathode is unknown, we do not extract the number of produced photoelectrons from the simulation. Instead, the ratio between the number of generated photons (N) and those reaching the photocathode (N x ) after x reflections has been used. The number of photoelectrons is linearly correlated to the amount of light reaching the photocathode. Therefore, it is valid to substitute this parameter and rescale Eq. (2) to show the correlation between the time resolution and the amount of light reaching the photocathode.
A distinction between photons reaching the photocathode directly (N 0 ) and those reaching the photocathode after exactly one reflection N 1 is made. The variance of the timing of one MCP-PMT is calculated by
where N is the number of simulated photons reaching the photocathode, N 0 and N 1 are the number of photons reaching the photocathode after 0 or 1 reflections, respectively; A is a scaling factor correlated to σ 2 SPTR , A = σ 2 MCP1 (r = 0) in the center of the MCP-PMT, and B is the corresponding scaling factor for the reflected photons. The reflected photons will increase the signal arrival time jitter and may thus slightly worsen the timing resolution. B is defined as:
with the additional parameter ∆σ, introduced to this model to describe the impact of the reflected photons on the rising edge of the signal and therefore the signal arrival time (SAT).
Description of the Beam Measurement Setup
The MCP-PMTs were operated at a nominal gain of 8 · 10 4 along with the PICOSEC-Micromegas detectors in muon beams at the CERN SPS secondary beam lines [7] . The energy of these muons during our measurements is up to 180 GeV and the particle rate reached up to 2·10 7 s −1 . The MCP-PMTs feature an unsegmented anode and thus cannot provide position information for the incident particle. Consequently, a beam telescope with three triple-GEM detectors [8] with a two-dimensional strip readout structure has been used to track the incoming muons and determine the impact point of the particles on the MCP-PMTs. Details of track reconstruction can be found in [9] . The Scaleable Readout System (SRS) [10] , interfacing APV25 front-end boards [11] , has been used to record GEM detector hits, while the MCP-PMT signals were acquired with oscilloscopes with integrated sampling digitizer with 2.5 GHz bandwidth at 20 GS/s sampling rate ("Teledyne LeCroy -WaveRunner 8254"). A common trigger signal, generated by coincident hits in three scintillation detectors, was fed to the SRS and the sampling oscilloscopes. A reliable synchronization of the individual streams was possible, by recording an internally generated SRS trigger number as analog bit stream on an additional oscilloscope channel.
Signal Reconstruction and DAQ Calibration
The time resolution of a detector is defined by the uncertainty of its signal arrival time (SAT) to a time reference. The SAT information is derived by an offline 40 % constant fraction discrimination (CFD) analysis for each acquired waveform. Signals of two MCP-PMTs are recorded on two separate channels and their time resolution is evaluated from the difference of their SATs. Even though both MCP-PMTs are operated at the same amplification voltage, their response is slightly different. For charged particles hitting the innermost region (radius r<2.5 mm), the mean signal charge is (1.66 ± 0.03) pC and (1.17 ± 0.03) pC, for MCP-PMT 1 and MCP-PMT 2, respectively. Because of different responses, the MCP-PMTs can have different time resolution. Therefore, throughout this study, only the combined time resolution of the two MCP-PMTs is estimated, see Sec. 4.2
The contribution of readout electronics and CFD algorithm to the observed time resolution is estimated by recording an identical signal on two oscilloscope channels and determining the variance in the signal arrival time. A power divider was used to split the signal of one MCP-PMT into two identical signals. The time difference of the SAT of both signals follows a distribution with a width of σ=(3.09±0.04) ps. This leads to a combined timing jitter of the read-out electronics and the CFD algorithm of σ DAQ = (3.09 ± 0.04) ps, which yields a time resolution per channel of σ DAQ / √ 2 = (2.18 ± 0.03) ps. The measured instrument response function agrees with the trigger and interpolation jitter of ≤ 2.5 ps RMS expected for the oscilloscope [12] .
Results

Spatial Dependence of the Signal Amplitude
Combining signal charge and track impact point measurements, the spatial dependence of the mean signal charge has been evaluated. The radial dependence of the mean signal charges relative to the center of each MCP-PMT are shown in Figure 3 together with the results from the analytical model with and without reflections and from the Monte-Carlo simulation. The signal charge decreases as expected with increasing distance from the MCP-PMT center due to a decrease of the Cherenkov light reaching the photocathode. Maximum average signal charge is observed for tracks with the full cone contained in the acceptance of the photocathode. This can be observed in the inner 2.5 mm of the distribution, as expected for a Cherenkov cone radius of approximately 3 mm and a photocathode radius of 5.5 mm. Above r > 2.5 mm the mean signal charge starts decreasing, as part of the light coming directly from the Cherenkov cone starts falling outside the photocathode (see Figure 1 in Sec. 2). At radii above 8.5 mm, only reflected light reaches the photocathode. The green dotted line in Figure 3 shows the overlap between the Cherenkov cone and photocathode without considering any reflection, using the geometric modelling and scaled to the mean signal charge at r = 0; it shows an agreement with the data for small radii, but it underestimates the signal charge for events at larger radii. For the blue dashed line, first-order reflections, are added to the geometrical calculation, with fitting the weighting factor to w = 0.08; the curve shows an agreement with the data in the outer part of the window (r >6 mm). In this region the reflected light dominates the signal.
The red curve shows the result of the Monte-Carlo simula-tion. From a χ 2 minimization the reflection probability on the photocathode is determined to be (0.2 ± 0.03), the absorption probability at the photocathode is (0.4 ± 0.05) and the reflection probability at the air-radiator interface is (0.8 ± 0.002). All of these parameters are correlated with each other. For both MCP-PMTs, the radial distribution can be described with the same model parameters by scaling the model output to the different mean signal charges in the center of the photocathode. The determined parameters need to be taken with a grain of salt. More refined models with precise knowledge on the MCP-PMT materials and including signal formation processes might yield different results.
Time Resolution
The time difference of the SAT of both MCP-PMTs results in a Gaussian-like distribution (Figure 4 ). The standard deviation σ tot of this distribution is determined from fitting a Gaussian function and
where σ MCP1 and σ MCP2 are the time resolutions of MCP-PMT 1 and MCP-PMT 2, respectively, and σ DAQ denotes the setupspecific contribution of DAQ system and analysis method. An extraction of the time resolution of a single MCP-PMT from these beam measurements is only possible when assuming that σ MCP1 ≡ σ MCP2 at the same track proximity to the centre. As the respective alignment of the two MCP-PMTs is measured to be (0.38 ± 0.01) mm, as the 2D-distance between the MCP-PMT centres, and they are operated at equal high voltage, this assumption is plausible. However, the observed pulse height in MCP-PMT 2 is 30 % smaller than that in MCP-PMT 1. This could be due to a different photo-conversion efficiency or amplification factor. It has to be assumed that the dependence of the resolution on the signal amplitude is the same despite the observed gain difference, to extract the time resolution of a single MCP-PMT. Since the available dataset does not allow for a determination of these effects on the time resolution, we will only discuss in the following the combined MCP-PMT time resolution:
If the two MCP-PMTs behaved similarly, a time resolution of σ MCP / √ 2 would be expected for each MCP-PMT individually.
Spatial Dependence of Time Resolution
In the following, we will discuss the time resolution of the MCP-PMTs as a function of the impact point of the incident particle. Events are grouped according to their impact radius such that the statistics of events, hitting each ring-like area is equal and the time resolution is then independently calculated for each group. Figure 5 shows the combined time resolution σ MCP as a function of the distance with respect to the centre of MCP-PMT 2. The combined time resolution is better than 10 ps in the inner radius of r<4 mm. Beyond that, the time resolution starts gradually degrading up to several tens of picoseconds.
This result is consistent with the measured signal mean charge. In the inner radius of 2.5 mm, the full Cherenkov light cone is entirely projected on the photocathode and the signal pulse amplitude is maximal in this region. As the impinging particles are further away from the centre of the MCP-PMT, the mean signal charge is reduced and the time resolution degrades.
The red curve in Figure 5 shows the results of the Monte-Carlo simulation (see Eq. (3)) described in Sec. 2. Optimal agreement between simulation results and observed data is reached for ∆σ = 7.5 ps. The additional spread for the reflected photons of both MCP-PMTs ∆σ must not be confused with the time delay of the reflected photons, which is on the order of ∼ 40 to 45 ps. ∆σ depends on the probabilities for reflection and absorption used in the Monte-Carlo model of the charge distribution.
Conclusions
A study of the MCP-PMT timing resolution was performed using muons with energies up to 180 GeV in a test beam at CERN. In particular, the study aimed at characterizing the time resolution as a function of the position of the impinging muons. The MCP-PMT provides a precise and reliable reference time well below 10 ps for charged particles, traversing the MCP-PMT inside the photocathode area. However, when the particle traverses the detector further outside the photocathode area, the timing resolution begins to degrade due to a decrease of the detected fraction of Cherenkov light.
The model, based on simple geometrical arguments, has shown good agreement with the observed behavior by assuming an additional time jitter of 7.5 ps due to the reflected light. We conclude that the MCP-PMT is appropriate for use as a time reference to determine the time resolution of detector prototypes like the PICOSEC-Micromegas, that have shown a time resolution of 25 to 30 ps [1] , as long as the investigated region in the detector under test is well aligned to the MCP-PMT and has a diameter smaller than 13 mm.
